Pulsed reactor modelling for catalytic micropollutant treatment in wastewater by Juarros Bertolín, Helena Georgina
  
  
Pulsed reactor modelling for 
catalytic micropollutant treatment 
in wastewater 
Mémoire présenté en vue de l’obtention du diplôme  
d’Enginyer Químic 
Helena Georgina Juarros Bertolín 
Directeur 
Frédéric Debaste 
Service 
Transfers, Interfaces and Processes (TIPs) 
Année académique 
2011-2012 
  
 
 
 
 
 
 
 
 
 
 
                                                               Pulsed reactor modelling for catalytic micropollutant treatment in wastewater 
 
3 
 
Résumé 
 
Cette étude découle du problème de la présence des micropolluants (y compris les composés 
phénoliques tels que le Bisphénol A, le Nonylphénol et le Triclosan) dans les eaux usées 
urbaines et industrielles. 
Les systèmes utilisés dans les stations de traitement des eaux usées sont inefficaces pour 
éliminer ces micropolluants qui sont nocifs pour l’environnement. 
Dans la présente étude, les laccases, un groupe d’enzymes, sont utilisés pour catalyser 
efficacement la dégradation des micropolluants phénoliques. 
Dans ce mémoire, il est proposé de modéliser, en utilisant le logiciel de calcul de dynamique 
des fluides ANSYS FLUENT, un réacteur oscillant continu afin d’optimiser sa conception pour le 
traitement des micropolluants en utilisant les laccases. 
 
Mots-clés: micropollutants, perturbateurs endocriniens, laccases, réacteur oscillant continu, 
CFD. 
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Abstract 
 
This study stems from the problem of the presence of micropollutants (including phenolic 
compounds such as Bisphenol A, Nonylphenol and Triclosan) in urban and industrial 
wastewaters. 
Systems used in the wastewater treatment plants are inefficient in removing these 
micropollutants that are harmful for the environment. 
In an ongoing project, laccases, a group of enzymes, are used to efficiently catalyse the 
degradation of phenolic micropollutants. 
In this master thesis, it is proposed to model, using the computational fluid dynamics software 
package ANSYS FLUENT, an oscillating continuous reactor in order to optimize its design for 
micropollutant treatment using laccases. 
 
Keywords: micropollutants, endocrine disrupting compounds, laccases, oscillating continuous 
reactor, CFD. 
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Nomenclature 
C2 Inertial resistance factor m
-1 
 
d Tube diameter m 
D Diffusivity m2/s 
Dp Particle diameter m 
Fb External body forces Kg/m
2· s2 
f Frequency Hz 
g Gravitational acceleration m/s2 
I Unit tensor Dimensionless 
L Tube length m 
m Slope — 
p Static pressure Kg/m2· s2 
Pe Péclet number Dimensionless 
Ren Net-flow Reynolds number Dimensionless 
Reo Oscillatory Reynolds number Dimensionless 
RTD Residence time distribution s 
S Section m2 
          Source term — 
t Time s 
u,   
 
 
 
Velocity m/s 
 
 
x Amplitude m 
Greek symbols 
α Permeability m2 
   Shear rate s-1 
  Strain rate s-1 
  Void fraction — 
μ Dynamic viscosity Kg/m·s 
  Vorticity s-1 
ρ Density Kg/m3 
  Shear stress Kg/m·s2 
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Acronyms 
AOPs  Advanced oxidation processes 
APEs  Alkylphenol ethoxylates 
BPA  Bisphenol A 
CFD  Computational Fluid Dynamics 
DDT  Dichlorodiphenyltrichloroethane 
EDCs  Endocrine disrupting chemicals 
NP  Nonylphenol 
OFR  Oscillatory flow reactor 
PCB  Polychlorinated biphenyl 
PCP  Personal care products 
RTD  Residence time distribution 
TCS  Triclosan 
UDF  User-Defined Function 
WRF  White rot fungi 
WWTP  Wastewater treatment plants 
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Chapter 1: Introduction  
Micropollutants are anthropogenic substances which are found in the pg/L or ng/L 
concentration range in water and wastewater. Although that these compounds are present at 
low concentrations, they may still have significant effects and are considered to be threats to 
environmental ecosystems. 
1.1 Background 
Household chemicals, pharmaceuticals, and other consumables are released in the 
environment after passing through wastewater treatment processes, which are inefficient to 
remove them. Sewage treatment plants effluents can alter the water quality when some of 
these chemical compounds reach the aquatic environment. [1] 
 
A large number of these chemicals are known as endocrine disrupting compounds and are 
defined as “exogenous substance or mixture that alters function(s) of the endocrine system 
and consequently causes adverse health effects in an intact organism, or its progeny, or 
(sub)populations”. [2] 
 
Figure 1-1 shows how endocrine disrupting compounds can arrive to the environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 1-1. EDCs distribution in the environment. 
Endocrine disrupting 
compounds from urban 
and industrial wastewater 
Sewage system 
Sediment Surface 
water 
Soil Soil 
interstitial 
water 
Ground 
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1.2 Endocrine Disrupting Chemicals (EDCs) 
1.2.1 Effects 
 
In wildlife, aquatic species are the most affected, but effects have also been observed in other 
species; some of them can be seen in the table 1-1: 
 
TAB. 1-1. Effects on wildlife by the EDCs. [3] 
Species Effects 
Mammals 
Reproductive dysfunction in marine mammals and rodents. 
Intestinal ulcers. 
Claw malformations. 
Uterine cell tumors. 
Decreased epidermal thickness. 
Birds 
Alterations in behavior. 
Abnormal reproductive morphology. 
Eggshell thinning. 
Reptiles 
Bioaccumulation in their tissues. 
Developmental abnormalities in alligators. 
Unhatched eggs and hatchling deformities in turtles. 
Amphibians 
Missing or supernumerary limbs. 
Musculature malformities. 
Eye and central nervous system abnormalities. 
Fish 
Reproductive abnormalities such as feminization of the 
reproductive tract of males. 
Local extinction of some species. 
 
In humans, endocrine disrupters have been suggested as being responsible for apparent 
changes seen in human health patterns over recent decades. 
 
The effects in humans can be divided in four main areas:  
- Reproduction: Reduction in semen quality, spontaneous abortions and male 
reproductive tract abnormalities. 
- Neurobehavior: Loss of memory and headache. 
- Immune function: Because of the immunosuppression may develop some problems 
such as skin lesions, pigmentation of skin and nails and liver damage. 
- Cancer: breast, endometrial, testicular, prostate and thyroid cancer. [3] 
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1.2.2 Types 
 
Between the years 2000 and 2006 the Commission of the European Parliament has made 
studies on identification and evaluation of substances as to their endocrine disrupting effects.  
 
In total they investigated 575 substances. It was found that 320 substances showed evidence 
or potential evidence for endocrine disrupting effects; 109 substances were not retained due 
to insufficient scientific evidence and 146 substances have been excluded from the evaluation 
during the process. [4] 
 
There exist different ways to classify these substances, one of these ways can be seen below, 
where it is shown some EDCs groups and examples of each: 
 
Steroids: Estradiol, Androstenedione. 
Pharmaceuticals: Hydrocodone, Diclofenac, Acetaminophen. 
Personal care products (PCP): Caffeine, Oxybenzone, Triclosan. 
Pesticides: Atrazine, DDT, Endosulfan, Trifluralin, Vinclozolin. 
Industrial chemicals or breakdown products: Bisphenol A, Dioxins, Alkylphenols (Nonylphenol, 
Octylphenol), PCBs, some phthalates. [5] 
 
This project focuses in wastewater containing Bisphenol A, Nonylphenol and Triclosan. 
 
Bisphenol A (BPA)    (2,2-bis(4-hydroxyphenol)propane) 
 
Many countries in the world have large production capacities for BPA, especially Germany, the 
Netherlands, the USA, and Japan.  
 
EU manufacturers of BPA include: Bayer in Belgium and Germany; Dow in Germany; GE 
Plastics in the Netherlands and Spain; and Shell in the Netherlands. [6] 
 
 
FIG. 1-2. Chemical structure of Bisphenol A. 
BPA is used to make polycarbonate (65%), as an intermediate compound in the synthesis of 
epoxy resins (25%) and in other products such in the manufacture of flame retardants (10%). 
It is also used as a stabilizer for plastics such as polyvinyl chloride (PVC). 
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Nonylphenol (NP)    (4-nonylphenol) 
 
NP originates principally from the degradation of 16immers16nol ethoxylates that represents 
around 80% of Alkylphenol ethoxylates (APEs). 
 
In WWTP effluents, APEs are degradated to shorter-chain and more resistant alkylphenols 
such as 16immers16nol. 
NP and their ethoxylates are used for industrial purposes as surfactants in detergents 
formulations which are its major use (65%), emulsifiers, wetting and dispersing agents, 
antistatic agents and solubilisers and food packaging films. [7] 
 
There are many sectors where NPE is used: Industrial & domestic cleaning (30%), emulsion 
polymerization (12%), textile auxiliaries (10%), agriculture (6%), paints (5%), others (37%). [8] 
 
 
FIG. 1-3. Chemical structure of Nonylphenol. 
 
Triclosan (TCS)    (2,4,4-trichloro-2-hydroxydiphenyl ether) 
 
TCS is an important antimicrobial agent added in various personal care and consumer 
products such as toothpaste, skin creams, lotions, cosmetics, deodorant sticks, soap and hand 
soaps. [1][9] 
 
 
FIG. 1-4. Chemical structure of Triclosan. 
 
Approximately 1500 tones are produced annually worldwide, and approximately 350 tones of 
those are applied in Europe. [10] 
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1.2.3 Treatment options to remove EDCs 
 
Due to the presence and resulting adverse effects of EDCs and because of conventional 
treatment techniques such as coagulation, flocculation, precipitation and activated sludge 
process are not highly effective for the removal of EDCs; the application and modification of 
water treatment options are required for the removal of these compounds. 
 
The following treatment methods have been considered to remove EDCs: 
 
Adsorption, membrane filtration and ion exchange, are included in advanced separation 
processes and have good removal efficiencies, depending on the compounds tested. 
In the case of membrane separation, reverse osmosis and nanofiltration show that are 
efficient removing these micropollutants but sometimes the rejection can be incomplete. 
 
Another treatment is adsorption using granular activating carbon, which generally removes 
most organic contaminants, including EDCs. The problem stems from the strict control of the 
adsorption and operational factors and the necessity to use various adsorbents because of the 
selectivity. [5] 
  
Chemical and advanced oxidation processes (AOPs) such as chlorination and ozonation, are 
effective in reducing the concentrations of several classes of EDCs. 
 
In AOPs the removal is proportional to the oxidation power and is a function of the 
contaminant structure but it is important to control strictly the pH. 
 
AOPs are defined as “those oxidation processes involving hydroxyl radicals generation in 
enough quantity to interact with organic compounds in the environment”. The main 
interesting characteristics of hydroxyl radical are its very high oxidation potential (2,8 V only 
smaller than fluorine) and the possibility of its generation by different ways.  
 
Several techniques are involved and they can be broadly divided in two: 1) methods that do 
not use radiation and 2) methods that use radiation (photochemical). The following table 
shows examples from each category. 
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TAB. 1-2. Classification of advanced oxidation processes. [11] 
Non-photochemical processes Photochemical processes 
Ozonation in an alkali medium (O3/OH
-) Sub and supercritical water oxidation 
Ozonation with hydrogen peroxide (O3/H2O2) Water photolysis in vacuum ultraviolet (UVV) 
Fenton and related processes (Fe2+/H2O2) UV/hydrogen peroxide 
Electrochemical oxidation UV/O3 
Radiolysis γ and treatment with electron beam Photo-Fenton and related processes 
Non-thermal plasma Heterogeneous photocatalysis 
Electrohydraulic-ultrasound discharge  
 
Advanced processes allow a high removal of recalcitrant compounds, however many by-
products are released and could have an estrogenic activity higher than their precursors. 
 
Recently, bioremediation has generated a considerable interest. Bioremediation utilizes the 
metabolic potential of microorganisms, predominantly fungi, to clean up the environment. 
 
White rot fungi (WRF) produces oxidative enzymes such as lignin peroxidase, manganese 
peroxidase, versatile peroxidase and laccase that are capable of biodegrading lignin. [12] 
 
Laccases are a class of multicopper-containing enzymes that catalyze the oxidation of phenol-
like compounds, aromatic amines and some inorganics by one electron abstraction. [13] [14] 
The active site consists in four copper atoms, one of type I (T1), isolated, responsible of the 
oxidation of phenols and a trinuclear cluster formed by one atom of type II (T2) and two of 
type III (T3) where the binding and multielectron reduction of molecular oxygen takes place. 
 
The catalytic mechanism of the laccase enzyme starts with the donation of an electron to the 
substrate by the T1 copper site, followed by an internal electron transfer from the reduced T1 
to the T2 and T3 copper site. The T3 copper functions as a two-electron acceptor in the 
aerobic oxidation process, in which the presence of the T2 copper is necessary. 
 
The reduction of oxygen to water takes place at the T2 and T3 cluster and passes through a 
peroxide intermediate. [15] 
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FIG. 1-5. Schematic representation of laccase-catalyzed redox cycles for substrates oxidation in the absence (a) 
or presence (b) of chemical mediators. [16] 
 
The net result is the oxidation of four molecules of substrate to produce four radicals while 
reducing one molecule of oxygen to two molecules of water. 
The reactive radicals can then undergo a number of non-enzymatic reactions which include: 
 
- Covalent coupling to form 19immers, oligomers and polymers through C–C, C–O 
and C–N bonds. 
- Degradation of complex polymers by cleavage of covalent bonds especially alkyl–
arylbonds (sometimes in the presence of mediators), releasing monomers. 
- Ring cleavage of aromatic compounds. [17] 
 
Many recent studies have focused in laccase immobilization. There are different types of 
immobilization methodologies such as: 
Entrapment, which is defined as the physical retention of enzymes in a porous solid matrix, 
such as polyacrylamide, collagen, alginate or gelatin. First the enzyme is suspended in the 
monomer solution, and a subsequent polymerization process keeps the enzyme trapped. 
Encapsulation, where laccase is confined in the core of spheres made from a  semipermeable 
membrane, such as polymers or inorganic materials. 
Adsorption onto a support, that is based on ionic or other weak forces of attraction. 
Another method is covalent binding which consists in activate chemical groups that are on the 
support surface and react with nucleophilic groups on the protein. 
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Self-immobilization where the enzyme immobilization is possible with the use of bifunctional 
cross-linkers, these cross-linkers include dialdehydes, diiminoesthers, diisocyanates and 
diamines activated by carbodiimide. The formation of cross-linked enzyme aggregates 
involves the precipitation of the laccase, combining the purification and immobilization into a 
single operation. 
 
In conclusion, the immobilization of laccase is potentially advantageous compared to the free 
enzyme because such a system should be easier to operate, may offer a significant reduction 
of enzyme loss and may also permit its reuse. [15] 
 
 
 
 
 
 
 
FIG. 1-6. Methods of laccase immobilization. 
 
In order to remove as much as possible of these micropollutants present in wastewater, it is 
necessary a good interaction between micropollutants and laccase, that can be achieved using 
a reactor where the conditions can be controlled to ensure that the enzyme activity is not 
affected; hence the importance of a good reactor design, which in turn depends on several 
parameters that will be named in following chapters. 
 
The reactor that is developed in this project is an oscillating reactor that consists in a 
cylindrical tube in which periodic fluctuations are applied, these oscillations allow to achieve 
an efficient and a good mixing. The interesting point of this reactor is that can operate in 
continuous, thereby in a future it could be used together with other processes that are 
present in wastewater treatment plants. 
Entrapment Encapsulation 
Adsorption Covalent binding Self-immobilization 
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To study the geometry and conditions of this reactor, a simulation program called FLUENT will 
be used. FLUENT is a software that contains broad physical modeling capabilities that are 
necessary to model the flow. This program allows to improve process performances by 
simulating alternative designs and the most important thing is that allows to have flexibility 
for changing quickly any parameters (optimization). 
 
In conclusion, FLUENT allows to obtain prediction of fluid motion saving time and money that 
implies building the reactor and change the different parameters over this reactor. 
 
1.3 Objective 
The main objective of this study is to design and optimize a oscillating continuous reactor 
capable in remove micropollutants from wastewater. 
 
1.4 Scope of the project 
Are parts of the scope of the project: 
- Create and compare different geometries for the reactor. 
- Find the equation of velocity that needs to be implemented in FLUENT. 
- Perform the simulations in FLUENT and compare the different results. 
This master thesis does not aim: 
- Study the equation of laccase that needs to be implemented in FLUENT. 
- Building the reactor. 
1.5 Strategy 
The strategy followed in this master thesis is based in five main points: 
1. Literature review: Helps to understand the problematic and allows gather information 
to reactor’s design and about the equation that gives have the oscillating movement. 
 
2. Draw the geometry of the reactor: Once the idea of the reactor’s shape is clear, these 
shape has to be draw with a program named GAMBIT and prepared to export it to 
FLUENT. This step is repeated for each configuration. 
 
3. Oscillating equation: This equation governs the basic fluid motion. After it has been 
developed, this equation will be used in FLUENT to perform the simulation . 
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4. Set up problem in FLUENT: This step is repeated for each new geometry and/or for 
other changes such as different values for the parameters. 
 
5. Discuss and compare the results. 
These steps are more developed in next chapter in “2.3 Methodology to carry out the 
simulations”. 
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Chapter 2: Computational Fluid Dynamics 
 
2.1 Introduction 
 
Computational fluid dynamics (CFD) is the science of predicting fluid flow, heat transfer, mass 
transfer, chemical reactions, and related phenomena by solving the mathematical equations 
which govern these processes using a numerical process. [18] 
 
The advantages of CFD are: 
 Relatively low cost: Physical experiments and test are more expensive. 
 Speed: Simulations can be executed in a short period of time. 
 Ability to simulate real (Many flow and heat transfer processes can not be easily 
tested) and ideal conditions. 
 
Disadvantages of CFD: 
 The accuracy of the CFD solution is only as good as the initial conditions provided to 
the numerical model. For example: Flow in a duct with sudden expansion; if flow is 
supplied to domain by a pipe, it should be used a fully-developed profile for velocity 
rather than assume uniform conditions. 
 
 Consumes hardware and software resources that require significant investments. 
 
Computational Fluid Dynamics (CFD) has many applications in industry, some examples are: 
 
- Chemical industry: stirred tanks, bubble column reactors, fluidized bed reactors, 
exchangers, boilers, pumps, membranes, compressors, etc. 
- Aerospace/Defense: missiles, wings profiles and aerodynamic studies. 
- Food industry: food processing and packaging, equipment design. 
- Automotive industry: aerodynamics, combustion engines. 
- Electronic industry: semiconductors, cooling elements. 
- Hydraulics. 
- Oil and gas. 
- Power generation. 
- Biomedical. 
- Sports. 
- Environment. [19] 
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2.2 Fundamental governing equations 
 
CFD is based on the fundamental governing equations of the continuity, momentum and 
energy. They are the mathematical statements of three fundamental physical principles upon 
which all of fluid dynamics is based: 
 
- Conservation of mass 
- Newton’s second law (F = m·a) 
- Conservation of energy (First law of thermodynamics) 
 
CFD numerically solves the Navier-Stokes equations and the energy and species balances. The 
differential forms of these balances are discretized in number of control volumes and solved 
in algebraic form. These control volumes are small volumes within the flow geometry, all 
control volumes properly combined form the entire flow geometry.  
 
For all kind of flows, conservation equations for mass and momentum are solved. 
For flows involving heat transfer or compressibility, an additional equation for energy 
conservation is solved. For flows involving species mixing or reactions, a species conservation 
equation is solved. Additional transport equations are also solved when the flow is turbulent. 
[20] 
 
Mass conservation equation: 
The equation for conservation of mass, or continuity equation, can be written as follows: 
 
  
  
                                                                                 
 
The source term Sm is the mass added to the continuous phase from another phase. In most 
simulations, this term is usually 0. 
 
Momentum conservation equation: 
Conservation of momentum in an inertial (non-accelerating) reference frame is described by: 
 
 
  
                                                                   
 
Where p is the static pressure,   is the stress tensor, and     and    are the gravitational body 
force and external body forces, respectively.  
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The stress tensor   is given by: 
 
             
 
 
                                                            
 
Where   is the molecular viscosity and   is the unit tensor. 
 
When residence time distribution wants to be studied, it is necessary to use a tracer (see 
Chapter 4 in “4.5 Residence time distribution”). 
 
To simulate a tracer, an indicator, it is necessary to use User-Defined Scalar transport 
equations. 
The equation is based in four terms: transient, velocity and diffusion the scalar on the flow.  
For an arbitrary scalar  , the equation is: 
 
    
  
 
 
   
         
    
   
                                                    
Where    and     are the diffusion coefficient and source term. 
 
2.3 Methodology to carry out the simulations 
 
Setting up a problem for CFD has three basic steps: Pre-processing, solver execution and post-
processing. 
 
2.3.1 Pre-processing 
 
In pre-processing, GAMBIT is the software used. Pre-processing is divided in to three different 
steps: 
- Create the geometry. 
- Mesh the geometry. 
- Set boundary types. 
The hierarchy of geometric objects in GAMBIT is: vertices < edges < faces < volumes. 
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The Geometry subpad contains command buttons that allow creating and modifying model 
geometry. 
The creation of the mesh is the most important step in CFD. The mesh density or the size of 
the control volumes, determines the accuracy of the simulation. 
 
If the grid size is poor some fluid performances may be omitted and if it’s too fine it consumes 
more memory and it takes longer to solve the problem; consequently it needs to be found an 
optimum mesh size. The search and conclusion of the optimum size mesh can be seen in 
Annex I. 
Depending on the detail of mesh refinement required the simulation geometry can be 
meshed at three different levels, edges, surfaces and volumes. When local refinement is 
required, different mesh densities can be defined. 
 
“Examine mesh” button allows see a histogram which consists in a bar chart representing the 
statistical distribution of mesh elements showing the quality of the grid. 
Each element has a value of skewness between 0 and 1, where 0 represents an ideal element. 
The histogram is divided into 10 bars; each bar represents a 0.1 increment in the skewness 
value. For a good mesh, the bars on the left of the histogram will be large and those on the 
right will be small. [19] 
 
When a mesh with the proper mesh densities has been created it is exported to a format that 
can be imported in the CFD solver. 
 
Before export the solid regions, they can be labeled so it will be easier to identify them in the 
solver. It is also possible to group surfaces or volumes together so as to more easily define 
similar boundary conditions for a group of entities. [20] 
 
2.3.2 Solver execution 
 
When a mesh is completed with its grid, the geometry can be imported into the solver, 
FLUENT, and the CFD simulation is started. 
 
Solver execution consists in two general steps: 
 
- Set up the numerical model. 
- Solve. 
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First recommendable thing to do is check the grid in order to detect any mesh trouble before 
starts with the problem set up. 
 
After, the series of steps to be performed are: 
 
 
 
 
 
 
 
 
 
It is important to say that there are two main iteration parameters to be set before 
commencing with the simulation: The under-relaxation factor and the residual value. 
The relaxation factor determines the solution adjustment after each iteration step and the 
residual value, which is the difference between the current and the former iteration value, 
determines when a solution is converged. [21] 
2.3.3 Post-processing 
 
Post-processing has two steps: 
 
- Examine the results. 
- Consider revisions to the model. 
 
When the simulation has converged the last data set is stored as a final solution. 
 
There are as many ways of displaying the data, some of the standard visualization options 
available are contour plots and velocity vector plots. 
 
Contour plots will give a plot in a defined collection of control volumes, which can be a plane 
or a volume, of contours of another variable. For example a plane can be defined as a 
constant x-coordinate plane and create a velocity contour plot which shows absolute 
velocities on the fluid in the defined plane. 
 
Velocity vector plots can be made to get an insight into the flow patterns in the overall 
geometry or detailed at specific locations. The density and magnification of the velocity 
vectors in the specified field can be manually changed to get a most optimal picture. 
In “problem setup”: 
- General 
- Models 
- Materials 
- Cell Zone Conditions 
- Boundary Conditions 
 
 
In “solution”: 
- Solution Methods 
- Solution Controls 
- Monitors 
- Solution Initialization 
- Calculation Activities 
- Run Calculation 
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Chapter 3: Case study: Baffled tube 
Oscillatory flow mixing has been investigated in the last three decades with the aim to achieve 
efficient and controlled mixing in tubular reactors. 
The application of periodic fluid oscillations to a cylindrical tube containing evenly spaced 
orifice baffles or smooth periodic constrictions is the basic concept of oscillatory flow reactor.  
The mode of operation is usually such that the effect of the oscillations dominates the flow 
conditions. [22] 
A schematic representation of an oscillatory flow reactor (OFR) is shown in Figure 3-1. 
The OFR can be operated batchwise or continuously in horizontal or vertical tubes. 
In this study an oscillating continuous baffled horizontal reactor is designed. 
 
 
FIG. 3-1. Oscillatory flow reactors: baffled tube and meso-tube. [23] [24] 
The dynamical nature of OFR may be presently characterized by the Reynolds number, Ren, 
and the oscillatory Reynolds number, Reo. 
 
Net-flow Reynolds number, Ren 
In flow in pipes the Reynolds number, Ren, is the dimensionless number used as the indicator 
of the type of flow in question. The Reynolds number is defined as follows. 
 
    
     
 
                                                                           
          
Where   is the tube diameter,    the mean superficial flow velocity,   is the density and   the 
viscosity. 
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The oscillatory Reynolds number, Reo 
When an oscillatory motion is imposed into a net flow in the presence of baffles it is necessary 
to take on account the frequency and the amplitude. 
 
    
       
 
                                                                     
Where   is the frequency and    is the amplitude. 
Case study is expounded following the steps shown in chapter 3. 
3.1 Create the geometry 
Based on the literature [23] [25] [26] [27], the geometry chosen is as follows: 
TAB. 3-1. Reactor design values. 
Tube length 75 mm 
Tube diameter 4,4 mm 
Number of baffles 5 
Baffle spacing 15 mm 
Distance between inlet/outlet to baffle 7,5 mm 
Baffle orifice diameter 2,2 mm 
 
 
FIG. 3-2. Reactor’s geometry. 
Other geometry has been also tested changing the number of baffles from 5 to 7 and 
consequently reducing baffle spacing from 15 to 10 mm. 
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 3.2 Mesh the geometry 
Figure 3-3 shows an enlarged meshed fragment of the reactor where the grid can be observed 
with detail. 
 
FIG. 3-3. Enlarged meshed fragment of the reactor’s last section. 
 
As mentioned before, mesh the geometry is one of the most important steps in the CFD 
because the accuracy of the procedure is always a function of the grid.  
Different mesh densities have been used depending on the study volume. Between baffles 
(blue) the grid size is smaller than between inlet-first baffle and last baffle-outlet (cyan) as it 
can be seen in Figure 3-4. 
The following table shows how number of cells may vary depending on the mesh spacing. 
TAB. 3-2. Mesh spacing and number of cells for 5 baffled reactor. 
Inlet/Outlet to baffle Between baffles Total number of cells 
0,20 0,15 676.396 
0,25 0,18 403.760 
0,27 0,18 399.640 
0,30 0,20 304.150 
0,30 0,21 242.150 
0,29 0,22 226.800 
0,32 0,25 150.722 
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FIG. 3-4. Two different mesh densities. 
 
The mesh spacing and the total number of cells for the other geometry (7 baffles and 10 mm 
baffle spacing) was 0,30 for inlet/outlet – baffle and 0,21 between baffles giving 245.050 cells; 
which is obviously close to 242.150 cells that gave the previous geometry because the global 
tube length hasn’t change. 
Next table shows the meshing details. 
TAB. 3-3. Details of mesh used for the simulation. 
Elements (face) Quad 
Type (face) Pave 
Elements (volumes) Hex/Wedge 
Type (volumes) Cooper 
Size mesh between baffles 0,21 
Size mesh between inlet/outlet – baffle 0,30 
 
Finally, it is necessary to examine the quality of the mesh which shows that all cells are 
included being at 0.41 in the skewness; in fact, 87,31% of the cells are included being at 0.2, 
so it can be said that it seems to be a good mesh. 
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3.3 Set boundary types 
Last step in GAMBIT is set the boundary types. 
The names you give the boundary types in GAMBIT will be used to identify them in FLUENT. 
As it can be seen in Figure 3-5, inlet and outlet faces were specified such as “velocity inlet” 
and the five baffles as walls.  
 
FIG. 3-5. Boundary types. 
 
It is not necessary to specify the remaining faces because when GAMBIT saves a mesh, any 
faces which have not been specified are written as wall boundaries by default. [20] 
 
3.4 Continuous oscillatory flow equation 
 
Before set up the problem in FLUENT it is necessary to find the velocity equation that is going 
to guide the flow movement. 
 
Based on literature which says that the displacement of oscillation      and the oscillation 
velocity      can be defined as follows: 
 
                                                                                 
                                                                               
Where   is the frequency (Hz),    is the amplitude (m) and   is the time (s). [28] 
Another velocity equation needs to be developed that let flow move forwards and backwards: 
 
                                                                             
                                                                           
Where  is the slope. 
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In the figures 3-6 and 3-7 it can be observed how flow moves forwards and then backwards, 
but always more forwards than backwards to allow the advancement of the flow. 
 
 
FIG. 3-6. Position-Time graph. 
 
 
FIG. 3-7. Velocity-Time graph. 
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Next figure describes the fluid movement to be expected by using this equation in the baffled 
tube, where it can be seen that the flow is always fully reversing, and it is this periodically 
reversing fluid motion which interacts with the baffles forming toroidal vortices. [25] 
 
 
 
 
 
 
 
 
 
 
FIG. 3-8. Mechanism of mixing in an oscillatory baffled tube. [29] 
After the equation has been developed, next step is to write the program to insert this 
equation in FLUENT. It is called a UDF (User-Defined Function). [30] 
The program file can be seen in Annex II. 
3.5 Set up problem in FLUENT 
 
After the mesh has been imported to FLUENT, the equation has to be interpreted with the aim 
to define the boundary conditions. It is important to remember that every time FLUENT is 
opened the function has to be interpreted, otherwise it can give wrong solutions. 
 
Before that the UDF can be interpreted, it has to be specified a transient flow calculation in 
the “General” task page. [30] 
 
Continuing with problem setup, next step is choose the viscous model which is laminar; 
because OBRs can provide plug flow behavior at net flow Reynolds numbers in the laminar 
flow regime, as the plug flow nature of the flow is produced by interaction between the 
oscillating fluid and baffles, which creates series of well-mixed volumes. [26] 
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In “Materials”, the fluid that it’s given by default is air, so it has to be changed for water-liquid 
which can be found in FLUENT Database, after in “Cell Zone Conditions”, air needs to be 
changed again for water-liquid. 
 
In “Boundary Conditions” both in velocity_inlet and velocity_outlet zone, the velocity 
specification method is by components and in x-component is where UDF has to be hooked. 
 
To allow see the results and to do the comparisons between the tube with 5 baffles and the 
tube with 7 baffles it is necessary to put some points inside the tube (named A, B, C and D, 
from left to right). The position of those points (orange circles) can be seen in figures 3-9 and 
3-10. 
 
The location of these points was chosen because they are the most interesting areas of the 
reactor: After and before the baffle and in areas that vortices are expected to be observed. 
These points are in the middle of the reactor instead of in the beginning, because to compare 
results it is necessary to be sure that the flow is stabilized. 
 
 
 
FIG. 3-9. Points in 5 baffled tube. 
 
FIG. 3-10. Points in 7 baffled tube. 
3.6 Solve 
The solution methods chosen for this case study (both 5 baffled and 7 baffled tube) were: 
TAB. 3-4. Solution methods. 
Scheme Simple 
Gradient Green-Gauss Cell Based 
Pressure Standard 
Momentum QUICK 
Transient formulation First order implicit 
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In “Monitors” in the surface monitors, is where has to be decide which variables to study at 
these points; velocity was chosen as a field variable (Y axis) and flow time (X axis). 
Point A and C were studied in x direction only. Point B and D were studied in x and y direction 
because of the toroidal vortices. 
It has to be decided too, the criteria of convergence in the residuals for the continuity, x-
velocity, y-velocity and z-velocity which is 0,001 for all of them. 
 
In “Solution initialization” it has to be given a number to FLUENT start the calculation, in this 
case the value chosen was 0,05 m/s based in Figure 4-8. 
 
In “Calculation activity” is where can be decided how often (time steps) is desired that the 
data is saved. 
 
Last step before having the results is run the calculation, for that is it necessary which is the 
time step size (s), the number of time steps and the maximum iterations per time step. 
 
3.7 Results 
 
In this case study the comparison it’s between the tube with 5 baffles and with 7 baffles but 
both of them in the same conditions: 
TAB. 3-5. Conditions. 
Flow 10 mL/min 
Frequency 3 Hz 
Amplitude 0,002 m 
Slope 0,0112 
 
In the following figures (Figure 3-11 and Figure 3-12) it can be seen the toroidal vortices that 
were expected to appear. 
 
In these figures, two half cycles can be identified, each containing flow acceleration and 
deceleration, corresponding to the sinusoidal velocity-time function. On each acceleration, 
vortex rings are formed downstream of the baffles. 
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FIG. 3-11. Toroidal vortices in 5 baffled tube. 
 
FIG. 3-12. Toroidal vortices in 7 baffled tube. 
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As mentioned before, the comparison between the 5 baffled tube and the 7 baffled tube has 
been made in 4 points, the position of these points can be seen in Figure 3-9 and Figure 3-10. 
 
 
FIG. 3-13. Velocity of both baffled tubes at point A (X coordinate). 
Figures 3-14 and 3-15 show that at flow time 0,5 seconds both configurations of babbled tube 
have more less the same global behavior; after the baffled tubes the velocity is considerably 
increased, then it decreases until the flow arrives to the next baffled tube. 
 
 
FIG. 3-14. Contours of velocity magnitude (m/s) at the flow time 0,5 s in 5 baffled tube. 
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FIG. 3-15. Contours of velocity magnitude (m/s) at the flow time 0,5 s in 7 baffled tube. 
 
In the following figures (Figure 3-16 and Figure 3-17) it can be seen the velocity magnitude at 
the X coordinate. These pictures are similar at the previous, the velocity magnitude, because 
the flow goes mostly in the X direction. 
 
FIG. 3-16. Contours of X velocity (m/s) in point A at the flow time 0,5 s in 5 baffled tube. 
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FIG. 3-17. Contours of X velocity (m/s) in point A at the flow time 0,5 s in 7 baffled tube. 
 
The legend shows that flow achieves negative velocities in the baffled tubes; these velocities, 
that can be seen in blue color, correspond to the velocities in the toroidal vortices when the 
flow changes it direction because of the interaction between the baffles and the flow, guided 
by the equation that makes flow to move forwards and also backwards. 
As mentioned before, in Figure 3-13 it can be seen that both baffled tubes have the same 
behavior in point A at X coordinate (see figures 3-16 and 3-17); that is because this point is 
situated after the second and third baffle, respectively. The result in this point is the similar 
for both, the velocity is increased after passing through the baffle. 
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FIG. 3-18. Velocity of both baffled tubes at point B (X coordinate). 
In Figure 3-18 it can be seen that the behavior in point B (X coordinate) is not the same for 
both baffled tubes; this is because, although the location of point B is the same in their 
respective baffled tubes, the distance between baffles is not the same. That means, point B in 
5 baffled tube is less affected by the baffle effect than point B in 7 baffled tube (see figures 3-
16 and 3-17).  
In the following Figure 3-19 it can be seen that the same thing happens with the Y coordinate 
in this point B. 
 
 
FIG. 3-19. Velocity of both baffled tubes at point B (Y coordinate). 
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As it can be seen in the following figures; because of the less distance between baffles, the 7 
baffled tube allows better mixing than 5 baffled tube but against can have a higher pressure 
drop. 
 
FIG. 3-20. Contours of Y velocity (m/s) in point B at the flow time 0,33 s in 5 baffled tube. 
 
 
FIG. 3-21. Contours of Y velocity (m/s) in point B at the flow time 0,33 s in 7 baffled tube. 
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The location of point C is after the baffle, as it can be seen in next figure the velocity is higher 
in 7 baffled tube, this could be because the flow comes with high velocity from the previous 
baffle and have less time to the next baffle, because of the distance between baffles.  
 
 
FIG. 3-22. Velocity of both baffled tubes at point C (X coordinate). 
In next figures, if you look at 0,5 s, the velocity is higher in 5 baffled tube because the 7 
baffled tube is affected by the vortices that change the flow direction (see Figure 3-17). 
 
FIG. 3-23. Velocity of both baffled tubes at point D (X coordinate). 
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FIG. 3-24. Velocity of both baffled tubes at point D (Y coordinate). 
 
In the previous figure (see also Figure 3-19) it can be seen that, because of baffle spacing, the 
flow in 5 baffled tube makes one toroidal vortex while 7 baffled tube makes two, as 
mentioned before, that gives a better mixing. 
These vortices formed after the baffles, can be studied with the vorticity magnitude. Vorticity 
is a measure of the rotation of a fluid element as it moves in the flow field, and is defined as 
the curl of the velocity vector. [18] 
 
                                                                                         
 
Where   is the vorticity in s-1 and    is the velocity vector in m/s. 
 
Figure 3-25 and Figure 3-26 show these contours of vorticity where it can be seen that these 
vortices appear after the baffles as it was expected. As it can be seen these vortices are similar 
for both configurations because the geometry it’s almost the same. 
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FIG. 3-25. Contours of vorticity magnitude (1/s) at the flow time 0,5 s in 5 baffled tube. 
 
FIG. 3-26. Contours of vorticity magnitude (1/s) at the flow time 0,5 s in 7 baffled tube. 
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The aim of this reactor is obtain a good interaction between the enzyme and the 
micropollutants, that is achieved with a good mixing, this requires to have baffles which 
produce these vortices and the 7 baffled tube produces more vortices than 5 baffled tube. 
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Chapter 4: Case study: Tube with porous zones 
As mentioned in chapter 1, immobilized laccase should give better results than free laccase; 
which is why a new geometry has been studied. Simulate the tube with porous zones mean 
simulate particles of the enzyme on a support. 
About the simulation, porous media are modeled by the addition of a momentum source term 
to the standard fluid flow equations. The source term is composed of two parts: a viscous loss 
term and an inertial loss term. 
     
 
 
     
 
 
                                                                
Where    is the source term,     is the magnitude of the velocity,   is the permeability and    
is the inertial resistance factor. 
This momentum sink contributes to the pressure gradient in the porous cell, creating a 
pressure drop that is proportional to the fluid velocity in the cell. 
In laminar flows through porous media, the pressure drop is typically proportional to velocity 
and the constant C2 can be considered zero. Ignoring convective acceleration and diffusion, 
the porous media model then reduces to Darcy’s Law. [18] 
    
 
 
                                                                              
4.1 Create the geometry 
Assuming that enzyme particles are spheres with a diameter of 100 μm each and if the 
thickness of porous zones is 2 mm, that means that there are 20 spheres in straight line, which 
is a reasonable number. 
TAB. 4-1. Reactor design values. 
Tube length 104 mm 
Tube diameter 4,4 mm 
Number of porous zones 7 
Thickness of porous zones 2 mm 
Porous zones spacing 10 mm 
Distance between inlet/outlet to porous zone 15 mm 
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FIG. 4-1. Reactor’s geometry. 
 
4.2 Mesh the geometry 
Figure 4-2 shows an enlarged meshed fragment of the reactor where the grid can be observed 
with detail. 
The total number of cells was 233.480. 
 
FIG. 4-2. Enlarged meshed fragment of the reactor between porous zones. 
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Next table shows the meshing details. 
TAB. 4-2. Details of mesh used for the simulation. 
Elements (face) Quad 
Type (face) Pave 
Elements (volumes) Hex/Wedge 
Type (volumes) Cooper 
Size mesh between baffles 0,20 
Size mesh between inlet/outlet - baffle 0,20 
 
4.3 Set boundary and continuum types 
As in the previous case study inlet and outlet faces were specified such as “velocity inlet” in 
“Boundary types”. Porous zones were specified as a “fluid” in “Continuum types” as it can be 
seen in figure 4-3. 
 
FIG. 4-3. Boundary and continuum types. 
 
4.4 Set up problem in FLUENT 
When a porous region has to be modeled, the only additional inputs for the problem setup 
are as follows: 
First, to indicate that the fluid zone is a porous region, Porous Zone option needs to be 
enabled in the Fluid dialog box. 
After, the porous zone has to be defined. In “Cell zone conditions” the porous velocity 
formulation has to be defined and the fluid material flowing through the porous medium 
needs to be identified, in this case is water-liquid. 
Next step is set the viscous resistance coefficients (1/α) and the inertial resistance coefficients 
(C2), and define the direction vectors for which they apply. [18] 
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These coefficients of viscous and inertial resistance can be calculated respectively as follows: 
  
  
 
   
  
      
                                                                    
 
   
   
  
     
  
                                                                      
Where Dp is the particle diameter in m and   is the void fraction. 
Assuming a Dp of 100 µm and a   of 0,4. The value for the permeability is 1,185·10
-11 m2, but 
FLUENT needs 1/α, so the value that has to be set is 8,4375·1010. For the inertial resistance is 
328.125. These values have to be defined in the direction vectors for which they apply. 
For last, it is necessary to specify the porosity of the porous medium which is 0,4, as 
mentioned before. 
As in the previous case study, to allow see the results and compare them when it changes the 
frequency (3 Hz or 9 Hz), it is necessary to put some points inside the tube (named A, B and C, 
from left to right). 
 
The position of those points (orange circles) can be seen in the figure 4-4. 
 
 
FIG. 4-4. Points in tube with porous zones. 
 
4.5 Residence time distribution (RTD) 
The residence time distribution is a probability distribution that describes the amount of time 
a fluid could spend inside the reactor and can be studied in a simulation using a tracer. 
Tracers are substances introduced into a system to study the time course and/or spatial of a 
certain chemical process, physical, biological industry, through its detection or measurement.  
In FLUENT, first thing to do is define the number of scalars, in this case 1. 
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Next step is creating a point, in the same way as was done previously, at the outlet of the tube 
with the aim to measure the tracer. 
In “Monitors” in the surface monitors it needs to be created the data for the scalar to be 
saved after. 
The location for the tracer can be defined: First, defining the shape (hexahedron, shape or 
cylinder), for this case hexahedron was chosen; second, bringing the coordinates of the 
hexahedron in meters which can be seen in next table. 
In Gambit, the geometry was drawn so that the (0,0,0) is in the center of the inlet face; 
therefore, the coordinates of the point should be (0.022,0,0), but is a hexahedron (not a 
point) and it is desired that is centered at that point, so the tracer coordinates are those that 
can be seen in the following table. 
TAB. 4-3. Tracer coordinates. 
X Min (m) X Max (m) 
0,0215 0,0225 
Y Min (m) Y Max (m) 
0,0003 -0,0003 
Z Min (m) Z Max (m) 
0,0003 -0,0003 
 
Next figure shows where the entrance of the tracer is situated (red square) and the point 
(orange circle) shows where this tracer is observed. 
 
 
FIG. 4-5. Position of the tracer. 
 
After that, in “Solution Initialization”, the Patch dialog allow patch different values of flow 
variables into different cells, the value was 100.000. 
In “Volume monitors” mass integral was chosen as a report type for fluid and porous-zone 
cells. 
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4.6 Solve 
The solution methods chosen for this case study were: 
TAB. 4-4. Solution methods. 
Scheme Simple 
Gradient Green-Gauss Cell Based 
Pressure Standard 
Momentum QUICK 
Transient formulation First order implicit 
 
Before run the calculation, last step is chose the step size and number of time steps.  
The other not-mentioned steps remain the same as in the previous simulation (Convergence 
criteria, initial values, etc.). 
4.7 Results 
As it can be seen in Figure 4-5, the flow velocity is increased when passing through the porous 
zones because it has less space. 
 
In comparison with the other configuration (baffled tube), this configuration forces all the 
fluid to pass through the same zone, this allows to obtain a more uniform final concentration, 
instead of different gradients of concentration. 
 
 
FIG. 4-6. Contours of velocity (m/s) in the tube with porous zones. 
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About the residence time distribution (RTD), if the oscillating equation is integrate in using a 
frequency of 3 Hz it will be obtained meters, then it can be obtained m/s and finally it can be 
obtained the flow which is 9,85 mL/min. If the same thing is done with the frequency of 9 Hz, 
the flow obtained is 7,12 mL/min. 
As it can be seen, frequency affects the amplitude value, and changes the flow value; both 
cases cannot be compared each other, because there are two parameters changing.  
RTD can be calculated as follows: 
As mentioned before, using the 3 Hz frequency, the flow is Q=9,85 mL/min 
The surface is calculated:  
  
    
 
                                                                           
 Where D is the diameter of the tube (m). 
 
After, velocity (m/s) is calculated: 
  
 
 
                                                                               
 
Where Q is the flow in m3/s and S is the surface calculated in the previous step (m2). 
 
Finally, RTD (s): 
    
 
 
                                                                            
 
Where L is the tube length (m) but from where the tracer is injected, that means a length of 
0,082 m, instead of 0,104 m (see Table 4-1 and Figure 4-5) and u is the velocity calculated 
before. 
The RTD using the 3 Hz frequency is 7,59 s; following the same procedure, using the 9 Hz 
frequency the RTD is 10,51 s. 
As the two RTD cannot be compared each other, only the RTD using the 9 Hz frequency will be 
discussed. 
Residence time distribution can be studied with de Péclet number (P): 
  
  
 
                                                                              
Where u is the velocity (m/s), L is the length of the reactor (m) and D is the diffusivity (m2/s). 
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As it can be seen, P varies as the inverse of D. The perfect plug flow (D=0) corresponds to 
   . When P decreases, the RTD becomes asymmetric, and a tail appears. When     the 
shape approaches that of the exponential decay of a mixer, but as    , the substance of 
the tracer is distributed instantaneously between    and  , so that the curve coincides 
with the X axis. [31] 
Figure 4-7 shows the RTD using the 9 Hz frequency. As P > 100, gives an idea of a plug flow like 
behavior. 
 
FIG. 4-7. Residence time distribution using the frequency of 9 Hz. 
 
4.8 Shear stress 
Shear stress is defined as the ratio of the tangential force applied per unit area on the fluid. 
The relation between shear stress and shear rate             defines its viscosity. 
For all Newtonian fluids in laminar flow the shear stress is proportional to the strain rate in 
the fluid, the constant of proportionality being the coefficient of viscosity. 
                                                                                      
Where   is the shear stress (Pa),    is the dynamic viscosity (Pa·s) and    is the strain rate (s-1). 
It is interesting to study shear stress because this reactor will work with an enzyme whose 
activity can be affected due to this shear stress. 
As it can be seen in the next figure the higher values for the strain rate (and so for the shear 
stress) are near the walls and before the porous zones. 
-0,2 
0 
0,2 
0,4 
0,6 
0,8 
1 
1,2 
0 2 4 6 8 10 12 
Sc
al
ar
 
Flow time (s) 
Residence time distribution 
                                                               Pulsed reactor modelling for catalytic micropollutant treatment in wastewater 
 
55 
 
Using the previous formula, assuming that the viscosity is that of water (0,001003 Pa·s) and 
the maximum strain rate in Figure 4-7 is 20 s-1, that gives a shear stress of 0,02 Pa. 
And for a strain rate of 50 s-1, gives a shear stress of 0,05 Pa. 
 
If the enzyme can withstand up to 0,3-0,7 Pa of shear stress, this configuration of reactor 
won’t be a problem for its activity. [32] 
 
 
FIG. 4-8. Contours of strain rate. 
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Chapter 5: Conclusions and future work 
5.1 Conclusions 
 
Following the strategy explained in chapter 1, an oscillating continuous reactor has been 
design. First, the literature review allowed to have an idea of geometry parameters, three 
different geometries have been drawn with GAMBIT, after, the oscillating equation has been 
developed and tested in these configurations with FLUENT. Finally, the results have been 
compared and discussed. Below it can be seen the conclusions reached in this master thesis. 
The oscillating equation together with the baffles produces vortices which are necessary to 
achieve a good mixing with the aim that the enzyme interact with the micropollutants. 
Less spacing between baffles means higher velocities. As it can be seen in the graphs in 
chapter 3; the 5 baffled tube produces one toroidal vortex while the 7 baffled tube produces 
two. 
The vortices are produced after the baffles; then, when more baffles are present, more 
vortices will be generated, which means better mixing. 
The porous zones, where the enzyme is immobilized onto a support, force all the fluid to pass 
through the same zone, while in baffled tube the enzyme is free to interact with the 
micropollutants and could be that some particles don’t interact with the enzyme. The porous 
zones allow to obtain a more uniform final concentration. 
About the shear stress, parts which are more affected for it are the walls and the entrance to 
the porous zone. The shear stress observed is less than the shear stress that the enzyme can 
withstand, therefore shear stress in the tube with the porous zones configuration won’t be a 
problem for the enzyme activity. 
5.2 Future work 
As in this master thesis, the only geometrical parameter that has been studied its influence 
has been the baffle spacing, it is proposed to study other geometrical parameters such as the 
effect of free baffled area or the effect of baffle thickness since in this project was not taken 
into account. 
The oscillation frequency (f) and amplitude (x0) are the most important operational 
parameters in OFR. In a future, it could be interesting studying other different values of 
frequencies and also other values for the amplitude. 
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For the reactor with the porous zones, could be also interesting carry out simulations with 
particles of other diameters or another porous zone thicknesses. 
 
There are many different combinations of parameters to be studied and many results to be 
taken on account to decide which is the best geometry of the reactor and the best conditions 
to treat wastewaters with this enzyme. Due to the time required for these simulations and 
their posterior analysis of the results, this master thesis only pretends to be a starting point 
for future fluid dynamics simulations. 
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Annex I: Optimum mesh size 
The purpose of searching the optimum mesh size is that the simulation result doesn’t depend 
on the mesh size used. 
The geometry used to perform this simulation has the same characteristics as tube in Figure  
3-2 but this one is shorter, because it is enough to observe mesh dependence. 
TAB. Annex I-1. Design values. 
Tube length 30 mm 
Tube diameter 4,4 mm 
Number of baffles 1 
Distance between inlet/outlet to baffle 15 mm 
Baffle orifice diameter 2,2 mm 
 
The geometry can be seen in next figure. 
 
 
FIG. Annex I-1. Tube’s geometry. 
 
Different mesh sizes have been proved, and the velocity profile of each mesh size has been 
observed. In next table it can be seen the different mesh sizes and the total number of cells of 
each one. 
TAB. Annex I-2. Mesh size details. 
Mesh size Total number cells 
0,18 170.980 
0,21 102.950 
0,25 63.240 
0,30 38.600 
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The steps followed in FLUENT to get the velocity profiles have been: 
Specify a steady flow calculation in the “General” task page. 
Choose water-liquid in “Materials” and in “Cell zone conditions”. 
In “Boundary conditions” in velocity_inlet and velocity_outlet in x coordinate the value of 0,05 
was introduced based in Figure 3-7. The same value was settled as solution initialization.  
After the calculation finished, it is necessary to create a line giving 2 points coordinates in 
order to see the velocity profile there. The interesting “cut” is after the baffle, therefore the 
coordinates are: 
TAB. Annex I-3. Coordinates. 
X0 (m) X1 (m) 
0,016 0,0016 
Y0 (m) Y1 (m) 
-0,0022 0,0022 
Z0  (m) Z1 (m) 
0 0 
 
Then, the XY Plot it can be plotted, it is possible to write and save the data of the plots to use 
it with other programs such Excel that allow to compare the different velocity profiles. 
 
FIG. Annex I-2. X-Velocity profiles. 
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In the previous figure it can be seen that the velocity profiles with a mesh size of 0,30 and 0,25 
give different results, the results using this size have mesh dependence. 
This is not happening with mesh sizes of 0,18 and 0,21, that have the same velocity profiles 
although the mesh sizes are different. 
The size mesh that has to be used is the one which doesn’t express mesh dependence, that 
could be achieved with mesh sizes of 0,18 and 0,21, in this case study the 0,21 mesh size was 
chosen because the mesh size of 0,18 was too thin and the simulation would take too much 
time. 
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Annex II: User-Defined Function 
A user-defined function (UDF), is a function that you program, that can be dynamically loaded 
with the ANSYS FLUENT solver to enhance the standard features of the code. 
 
UDFs are written in the C programming language using any text editor and the source code file 
is saved with a .c extension 
 
Every UDF must contain the udf.h file inclusion directive (#include "udf.h") at the beginning of 
the source code file, which allows definitions of DEFINE macros and other ANSYS FLUENT-
provided macros and functions to be included during the compilation process. [30] 
 
DEFINE_PROFILE is used to define a custom boundary profile that varies as a function of 
spatial coordinates or time, in this case, velocity. 
 
It is important to know that UDF use and return values specified in SI units. 
 
Below it can be seen the program file that has been implemented in FLUENT. There are two 
different functions defined where the only parameter that vary is the frequency. In “Boundary 
conditions” FLUENT gives the chance to choose which one wants to be used. 
 
#include "udf.h" 
 
DEFINE_PROFILE(unsteady_velocity_3hz, thread, position) 
{ 
   face_t f; 
   real t = CURRENT_TIME; 
   real m = 0.0112; 
   real w = 3; 
   real x = 0.002; 
 
   begin_f_loop(f, thread) 
{ 
     F_PROFILE(f, thread, position) = 
2*3.1416*w*x*cos(2*3.1416*w*t)+m; 
} 
   end_f_loop(f, thread) 
} 
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DEFINE_PROFILE(unsteady_velocity_9hz, thread, position) 
{ 
   face_t f; 
   real t = CURRENT_TIME; 
   real m = 0.0112; 
   real w = 9; 
   real x = 0.002; 
 
   begin_f_loop(f, thread) 
{ 
     F_PROFILE(f, thread, position) = 
2*3.1416*w*x*cos(2*3.1416*w*t)+m; 
} 
   end_f_loop(f, thread) 
} 
 
The utility CURRENT TIME is used to look up the real flow time, which is assigned to the 
variable t. 
 
Where m is the slope, w is the frequency (Hz) and x is the amplitude (m). 
 
 
